
Artick  prqxmd-for  optics & l’}mtonics  NCW.Y
31 AIgIN[ 199.3

l)cvdopment  of the Second Gtmcration  Wide l~idd and l’lanctary  Camtwa for 1 Iubble
Spfm Telcsco])cl

AIthuI- 11. \~aughan and IIavid 11, Rodgers
Jet Propulsion l.abo~-atcwy

California lnstitutc  of T’cchnology
4800 oak (iI OVC ])1 iVC

Pasadena, Calif(mia 91109
(81 8) 393-9088 I’AX
(818) 354-1669 ~’1{1.

With the upcoming scheduled launch of ,$]zm ,WIIt//c li}IdmwM  early next month, the J_atc of
NASA’s 1 lubblc  Space ‘1’clescopc  will rest in the skilled hands of five cxpcricnccd  astronauts
whose demanding tasks will include installing cxmectivc  optics macic necessary by the tc]cscopc’s
pI cciscly polished but tragically flawed 2.4-n~ctcr-dian~  ctcr main mirror. In the case of the
tclcscopc’s  ccnt~-aily  located instrument named the Wide l;icld and Planetary Camera (WIU)C,
pI onounccd  Wiffpick,  for short), the corrective optics arc incorporated in an entirely ncw version
of the 280-k ilogran~  (618-pound) hStl”LllTICIIt.  1.k.c its perfect] y-flmctioning  predecessor, W1;PC-2
will serve to rc-image the focal plane of the tclcscopc  onto large-format ckctronic  detector arrays
through a selection of48 spectra] filters ranging fi cm far ukaviolct  to near infiarcd wavelengths
and will ofl’ct a choice of two magnifications. l’hc second-generation instrument was already
under construction as a backup when the tc]cscopc  was launched cawying  the first-generation
instrument in 1990.

When NASA discovered that 11S’1”s main mirror was flawed, engineers, scientists, and
managers at NASA’s Jet Propulsion 1.aboratory  turned their attention to configuring WJ;J’C-2 so
that its optical systcm would have a clear focus despite the mirror defect. ‘J’hc main comi>oncnts
c}f WITC-2  ale illustrated in l(ig. 1. ‘1’his article traces the history of its development.

:1’1 11{ 1;11{S’1’ GliNl{RA~’JON WJ:PC
‘1’hc inst[  umcnt that bccamc WJ~P(:- 1 was sclcctcd on a competitive basis through an
Announccmcnt  of Opportunist y issued by NASA in 1975. IYof. James A. Wcstphal  of Caltcch and
his tcanl  (including JJ)l,) wetc sclcctcd in 1977 to develop it as the prim imaging instrument, At
the time of selection tk camcla was to be dclivcrcd  in 1980 for a 1982 launch  ‘1’hc cc)ncept  of the
camc[ a cvo]vcd lapidly in the early post-proposal phases of its design, ultimately acquil ing the
ciual magnification tl]at  lcd to the name Wide l~icld (J;/l 2.9) and Planetary (J;L30) Camcla.

Rcplacfcmnt  inst[ umcnts WCI-C to bc availab]c to suppoll Servicing h4issions  at five year
intro vals. ] )c]ays and changes in the Shut t ]c dcvchpmcnt  pJ ogg  am caused dc]ays in the
dcvckpllmnt of both the S’1’ ald the scientific insll LInmnts  associated with it. ‘1’his rcsullcd in
delays to both the launch and the initiation of the dcvclopmcnt  of “second generation” scientific
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instrmmnts.  In 1984 with the S1’ scheciulcd  for ]aurrch in 1986, a decision was made to build a
duplicate -- or “clone” -- of the first WJTC to ensure that the S’J”S imaging caJ~ability  could bc
rest orcd if prob]cms  arose in the original instrument. 1 II. JOhJI “J’. ‘J’raugcr of JP1. bccamc  Principal
1 nvcsti~ator.  I’his sccmd  camera was to bc dclivcrcd in 19883. With ,$~mce  ,f’/NJt//c  (Xallc}+yr’s
disastrous accident of January 1986, the planned launch of the 11S’1’ was postponed to 1989.
~lcady  the second camera would not bc rcquiled as eally as 1988;  hcnee  its dcvclopmcnt  was
stl etched OLI1 to prcscrvc  I“csour’ccs. ]n the interim, significant tcchnicai  inqlrovcmcnts  were
c~cctcd that would cnhancc  its pcrformancc,  particulady  at ultraviolet wavelengths.

‘1’hc  S’J’--o~lcially  rCnanlCd  the 1 lubb]c Space ‘J’c]cscopc (1 IS”J’) after the astronomer
1 ldwin P. 1 lubb]c whose observations in the 1920s showed that the univcI  sc is expanding--was
Iaunchcd  OJI April 24, 1990. At that time, the sccolld WJ;P(l was schcdulcd  for delivery in the
1995 tinlc fiamc.

SP1 II il<1031  . AR1H{I{ATION
‘1 ‘hc first images returned froin the observatory in h4ay of 1990 exhibit cd abnormal charactcrist  ics
aIKl  Val”iOUS  di~cuhics  were cncountcrcd  in “fiJIc  tlllling’r  the te]cscopc’s pcrformrmce.  Wcstphal’s
scicncc  team and workers at JP1. and the Space q’clcscopc  lnstitutc reached the conclusion that
the 11S3”s images could not bc br-ought to a sharp focus bccausc  of a flaw built into the tclcscopc’s
optical systcm.

It was recognized almost immediately that if ti)c main miu or of the } lS’J’ happened to bc
the cause of the problcm (as the rcsuh of having an incor-rcd shape), the fix would bc relatively
stlaightfor  ward, at least for WJiPC. ‘1’his was because of the fortuitous circumstance that inside
WJWC’s  optical systcm,  miniature images of 11ST’S main mirror arc formed almost exactly on top
of clcmcnts  (a set of convex mirrors about a ccntirnctcr in diameter) that arc used in relaying the
telescopic images to the detectors. Thcrcforc, a defect of the. 11 S’1’ pr-imary can bc compcnsat  cci by
intI educing an equal but opposite “(icfcct”  on these small clcmcnts.  ‘J’his is illustrated in l;igurc 2.

It was not initialiy  known whether the (icfcct  could bc ascribed to the main mirror alone,
OJ’ was caused who][y or parl]y by CI Iors in the sn~allcI  scconcial  y mil’r or of the tc]cscopc.  If
significant crl ors of the secondary of 11S’1’ WCI c involved, a simple fix in WFK could not correct
the problcm  cxccj)t within a limited ficki of view toe) small to be uscflll,  ‘J’hc exact nature of the
defect and the fact that it is Icstrictcd to the 11S1”s  main mirror we.rc eventually WCII cstablishcci
by cxtcnsivc  studies in the year following the discovcIy  ofthc  problcn~,d)~>~

:1’J II ; S1 KON1> G1~Nlil~_A’J:lON  Wl;l’(:
At the time 1 IS”J”  was ]aunchcd,  and its optical flaw disccwcrcct,  many parts of WJI’JT-2, including
its optical componcnls,  had alr ca(iy  been fabricatc(i. ] ]OWCVCI-,  the instr umcnt was still  about foul”
ycam away fioIn its planned date of comi)lction. Ilncicr the pIcssuIc to recover- from the dcfcc~ of
11 S’1’, the sclIcciulc to complctc  WJ:P(:-2  was accclcl at cxi, and to its list of functional rcquircmmts
was a(icicd  the rcquircmcnt  that its optical systcrn  bc mo(iificcl  to coI [cc/t the spherical abcrratiol]
ofthc tclcscopc to the flllicst  possible extent.

‘J’his would require not only that the componcn[s  bc nmnufactuIcd  an(i aligned to vcIy
ti{:ht  tolcr anccs in the instmmcnt,  but that tlm inst mmcnt itself bc alignc(i  with cxcruciat  in:,
pl ccision within the tclcscopc -- a precision nmI c cxactinp,  thfill  the Icltxmpc’s  instwnlcnt-
mounting Iatchcs  wer c dcsignc(i  to pr’ovi(ic,  ]f the I’equisitc p~”ccision  of alignment coul(i  not bc
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maintained, the ability of J IS’J’ to detect and resolve the faintest astl-onomical sources would not
bC I cstored

I; IXING T] II; AIIIH{RATJQN
‘1’o make the conccptwd fix a reality, much work was nccdcd. Some ofthc  tasks to bc undet-taken
were folcsccablc  at an cady stage. ‘J’}IC initial plan ofattack  inc]udcd  three kcy clcmcnts:

● to dcdL1cc accuratc]y  and ~+~jt]]  ]}igh confidcIIc,c the actlla] error built into the 11S’1’ optical
Systcm;

● to produce an appropriately revised optical prcscliption for- WJ;J’G2 that will concct
“the llS~’ atmlation;

● to accc]cratc the dcvc]opmcnt  of WJ;I’G2? by t})! cc ycaf-s so as to meet a ncw]y  planned
1993 scwicing  mission launch date,

‘1’hcsc tasks occupied the attention of many wotkm at JJ’1,, the Space “J’clcscopc lnstitutc,
Goddard Space l+light ~cntcl, and those ill industry  for almost a year. Iwo approaches were
possible. ‘J’hc first involved a painstaking series of investigations of the tooling and test
procedures used in manufacturing and testing the 1 lS’J”S primary and secondary mirrors, The
second aJq~roach  invo]vcd  diagnosing the optical systcm’s pcrfm mancc using stat images rccordcd
by the orbiting obscj vatol y. It was clear that high confidence in the conclusions of these diagnoses
woLIkl bc possib]c  only if the two appr oachcs  lcd to csscntia]]y  the same answcm.

111 fact, “rcvcrsc  cnginccring” of a flawed optical system was an ill-posed mathematical
pI oblcm WI1OSC solution required the invention of ncw methods. A variety of technical approached
wwc investigated. A series of obscwations with the 11S’1’ was undertaken to acquire a variety of
slcllar images fm usc in these analyses.

N41iIiTJNG Nl;_W ANI) I’lGII’J’J;R  ALIGNM1;Nrl’ ‘J’01.l+XAN(;J;S
lh]ring the. winter of 1990 and the summer of 1991 great cflods  were ma~ic to both predict and to
nwasurc the alignment stat~ility  of the camera within the tclcscopc. ‘J’hc assembled cvidcncc
showed that slight movements might bc taking place within the orbiting obscrvat or y, or within
WJ;J’(;-  1, which in WJJJG2  could (in the worst case) prevent the corrective optics fi-om restoring
the 11S1”s j)crformanc,c  to the ncccssal y dcgrcc.

‘]’hc I amifications  were cxlcnsivc.  ]“il”st, to al]ow for the known alignnlcnt  LlnccI  lainty
caused by the instl umcnt’s mounting within the tclcscopc,  it was dccidcd cady in the prog[arn  to
pI ovidc an active tip-tilt mechanism to adjust the pickoff miuor;  so as to pcmit any anticipated
latch CI 101 to bc COI I-cctcd  by I cnmtc  cent I“ol from the gt”ound.

‘J’ightcr aligntncnt tolc]anccs  a l so  posed  a  J)otcntial pmblcm fo]- WJiJ’G2:  could t h e
camv a maintain its alignment intcmally  to the rcquil cd ICVC] of accuracy. ] lvidcncc  suggested that
WJ;J](;- 1‘s intcl nal alignment i!] mbit was sligJltly  difh cnt fi CMN the alignment that had been
documented just bcfol-c  launch. ‘1’his would not have been a plob]cm  in WJ;JT-  1 (had the 11S’1’
bccll pcl feet), but mip,ht illdicatc the Imssibility  of a j)] ol)]cln  in WJ;J’(;-2. bccausc of its ncw
fhnctioll of colnpcmating  fol tllc 11S3”s flawed nlil[ol.

As a ]csult of such considclations,  J]’], and the scicncc tcaln clcci(icd  in Sci>tcn~[]cl  1991 to
] WX)]l)I]]CI](J  that a second lcvci of active optics bc ilnpicnlcntc(i  in WI; J’(;-2, in the form of
act ivci y tip-t i it c,ont [oiicd foid mir!-om in ali but onc of the ]clay optics channcis  of the instrument.
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lo compensate for tbc added cost to develop and build the Active l;old Mirrors (A1;Ms),  the
decision was also made to eliminate four of the oi-iginal  eight channels of W};}T. in the resulting
configuration, thlcc of the channels would early Wide l:icld Gtncra  optics, wbilc the fourth
would carry Planetary Camera opt its. 1 n his arrangcmnt,  the active pickofl’  mirror would
gual antcc alignment of the channel having a fixed fold mirier. “1’hc three Al;h4s would guarantee
alignment of the Icmaining  channels. I’hcsc lcco~~~ll~c~ldatiol~s  were acccptcd  and the task
undcl-[akcn with utmost priority.

in June 1991, before the above mcasu~cs were discussed, J])], in collaboration with 1,itton
1’1’1 IK Optical Systems studied a conceptual approach that allowed active control of the WI FIT-2
Jmpil alignment on-olbit. “J’hc appl each would capit alizc on I’J’1 iK’s proven c]cctrostrictivc
actuatol  tcchno]ogy. “1’his study dcmonstmtcd that active pupil control would bc tcchnicalty
fcasib]c. I’o make it a rcalit y required, lmwcvcr, that 1’1’1 iK and JP1. work closely together to
clcvclop,  flight qualify and dclivcl a set of flight articulated flight mirro~s  in nine months. ‘1’bis

mquit cd a significant rcsourcc commit mcnt and a radically dificrcnt  aJq~roach  to in~plcmcntat  ion,
‘1’hc dcvclopmcnt  of the articulating fold milrors was succcssfld both tccbnically  a n d
pl og[ aromatically: The mirrors were available when nccdcd to support the camera buildup, they
were complctcd  within cost, and they performed as advertised.

AnothcI moclitication stmmccl  from the very tight alignment tolerances in WJ;lW-2. onc
of the possib]c  causes of the on-orbit aligntncnt variations suspcctcd  in W]T])C-  ], the higb]y
complex pyiamid  mirl or n~cchanism  bccamc a leading candidate. in Wl~J’~-  1, this mechanism
providcci  two caJ~abilitics:  focusing tbc instwmcnt  l-clativc to tbc tclcscopc,  and “switching”
bctwccn  the lower and higher magnification relay channels. The “switching” capability was no
longcI nccdcd  in the 4-channel WIFJ’~-2,  configuration. Moreover, the focus capability could no
lonscr bc used in WJUG2,  bccausc if the pyramid WCI-C  to bc moved axially, rcsuhant
misalignment of the corrective optics rclat ivc to the tclcscopc would blur the images. On the other
hand, if small  adjustments in the focus of WI;JT-2  rclalivc to the other- instrutncnts  proved to bc
ncccssary  in orbit, the ncccssary  capability exists in the 1 IS”J’ and in (; OS’1’AR to adjust the focus,
l;or t hcsc l-casons,  the decision ‘was finally rcachcd to 1-cplacc  the miginal  pylamici  mechanism by a
fixcci  mounting so as to ciiminatc,  insofal- as possible, aii risk of opticai misalignment in the
jl)Stl”LllllCIlt.

Slh41Jl ,A”I’ING “1’1 11{ ‘H!] ,I;S~O1’l;
‘lo test W]i]’c-  1, an opticai  simuiator  of the Si>acc q’clcscopc  had been dcsigncci an(i built at
(;altcch  and JP1. in tbc 1980s to fcc(i light into the instl umcnt in the same way that tbc actuai
tcicscopc wouid  suppiy images to it. ‘1’o provide for testing WJ(J)(;-2, the simulator (or
“Stinmlus”,  as it was calicd)  had to bc I ccicsigncd  and rcbuiit  to mJ~ro(iucc  as faithtllly  as possible
the abc] I atc(i  inlagcs  (iciivcrcd by the as-flown 11S’1’ oilticai systcm,- a task that I cquil cd aimost
two ycals to complctc.  ‘1’iIc ncw Stimuius  bccamc t hc ultimate gauge-block against which the
flight instm]m.nt could bc tested in a simulatc(i space cnvi]onmcnt  i)]io] to Iaunci],  As such, it was
subjcctc(i  to cxtcnsivc t e s t i n g  an(i  vaii(iation, w h i c h  cstabiisl)cd  that  the Stimulus  i~clfornlcd  to
wcii within its Vcl-y  tight aliowablc  tolcranccs,

‘J’o assul c that Wl;l)~-2, would lncct its allowabic I(MS wavcflont error to]crancc  of A/14
(at 633 nanometers), the Stimuius  itscif was rcquilcd  to Incct  a wavcfio*]t CI 101 to]clal)cc  of X/20
Iciativc  to ti}c wavcfi’ont it is dcsignc(i to i~foducc, ]Iut the ]lCIV Stilnuius is cicsigtlc~i  to plo(iucc

4



. .

highly abcrratcct images, the result of a specific amount (about 0.4A Rh4S) of spherical abcmation
in the 11 S”1’.

‘]’his circumstance gave rise to diJTmlltics  of two kinds. };irst, the question of how to
dcfit~c  tl~cxl~cal~il~g  of'' foclls''  ofal]igl~ly sl~l~cl  icallyalJcilatc{l  systcnli  scomplicatc  dbythcfact
that the focal length ofthc  systcm varies (by sever-al centimeters in this case) bctwccn  paraxial  and
marginal zones. Consequently, in specifying and in validating fbcus, it is ncccssaly  to specify
corl cct I y t hc 7onc of rcfcrcncc. Second, as Jnuch as 0.4X RM S of sphclical  abcN”at  ion was found
to bc hcyoncl  the capability of industl-y-standard  optical intcrfcrometm  to mcasul c reliably,
allhough  such instruments arc routinely capable of high precision when aberrations arc near zero,
as is usually the case. ]t is possible, of Couf-sc,  to const~  llCt a nuli ]cns to cancc] the spherical
abcl-ration  of the Stimulus, and this was done to facilitate alignment and wavcfront  validation of
the Stimulus. l~rom doub]c-pass  intcrfctomctfy  of the Stinmlus  with its 3-clcn]cnt  nLIll  lens, an

RMS wavcfi ont acmacy  appl-oaching  A/40 was consistently dcmonst~ atcd.
1 lOWCVCI-,  as cxpeticncc  in the manufkctum  of tllc 11S”1”s primary mirror made painflll]y

clear, a null  ]cns might itself introduce crl or-. ‘J’O avoid this risk, the ctccision was made to base the
fbndamcntal  validation of the Stimlus  upon the classical 1 lartmann test, in which no null ]cns is
nccdcd, Suitab]c high-pr-ccision  masks were fabl-icatcd  by photolithography, to bc ]ocatcd at the
cntiancc  pupil  of the stimulus  under test. “1’hc Stimulus was illuminated by a point SOLII-CC on axis.

3’lIc rcsL]lting  light patterns .wct-c rccordcd by a 1,ORA1, 800X S00 pixel (XI) at an accurately
known out-of-focus distance. ‘Jl]csc arc illustrated in I;ig. 3. ‘J’hc positions of the ccntroids  of the
]ight-bundles at the (X2) were compared differentially with the positions prcdictcd  by ray-tracing,
based upon the intended optical p csctiption of the systcm.  ‘Jl~c method provides a focus
unccltainty  of about -j 0.005 inch ( j 0.13 millimeter), as compar-cd with a conservative focus
tolcrancc  oftwicc as much for the Stinwlus. “1’hc method also yic]ds a mcasumncnt  ofthil-d-order
sphc] ic,al abcn at ion with a formal precision corresponding to about X/l 00 RMS, slightly better
than the accuracy with which the actual spherical abcr-ration of the 11S1’ is bclicvcd  to bc known.
‘Jllc usc of 1 lar(mann tests and intcrfclonmtric  tests employing the null lCIIS (as well as other

“sanity” checks also performed) were in accordance with an adoj>tcd  policy of requiring at least
two indcpcndcnt  methods ofvcrification of all critical parameters relating to WJI’J’C-2. .

Round-the-c]ock testing of the assembled WI;J)G2 in a simulated space cnvilonmcnt  in
J1’I .’s 13-foot vacuum test chamber began in late AJ]ril of this year and occupied about a month,
as planned. ])uling this time, the integration and test cnginccring  team put the instmmcnt  through
all of its paces, whi]c the science team tested and calibrated the instl umcnt, ~’cst tar-gets fabricated
by J i-beam lithography in JPI ~s Microdcviccs  1.abo~ator  y and an ar-f ay of uhraviolct  and visible
]ight soul ccs in the Stimu]us WCI”C used to evaluate WJI’P(;-2’S imaging capability and photonlctl”ic
I csponsc under the conditions that would prevail in orbit. Althcmgh a fcw minot  glitches WCI c
cncmntc[ cd, and solved, in the g[ ound suppolt  test cquilmcnt,  WJ~PG2  passed all of its exacting
tests, leaving Ilo doubt that OI]CC  in tl)c tclcscopc,  it will pcrfol l]] (o pe] fcctic)n.

on JL]T)C 2,  with an exhaustive pl’c-ship I cadincss  ] cvicw of W1;l’(1-2.  succcssfLl]]y
Cjonll)lclcd,  ttlc if]stl  umcnt an(i IIS ]c,ti]]llc  of glound  SU~)poI  ( cquiplllcnt  bcp,an  a  ttllcc-day  load
joul ncy in specially instl umcntcd and ail con(iitiotlcd lnoving  vans to Goddard Space ldight
(;cl)tcl  in Malylal)d,  where flll”[h(!l  tests WCIC made to confil m that tllc instl umcllt woL]ld bc



compatible with (XIS”J’AR  in a high-fidc]ity  simulator of the instrument bay of HST. Dy n~id-
Au,gust,  cm schedule, WJ~PG2 was ready to bc mov(xi again,  this time to Kennedy Space (him
at ~apc,  ~~anavcral  for final installation and alignment of its dcdicat  c pickofl+ mirror prior to launch,

‘1’hc flight of WJ~J’G2, along with COSTAR and other systems planned for installation in
11S’1’, will bc an exciting advcntur-c, whose success will rcstol-c  the long-awaited deep-space vision
of the 11S1’. WC should not expect, I)OWCVCI,  that the fLIll capabilities of the newly serviced
I lubblc  Space “1’clcscopc  can or will be dcmonstl-atcd in the first few days or weeks. IIringing  the
tclcscopc  and its arl ay of scientific instruments safely and su[ely back to life atlct- the planned fivc-
day Sci vicing h4ission is complctcd will bc as painstaking and exacting a task as building thcm
was.
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l;ig. 2. %hematjc optical  ]ayout of 1-3S1’ ( e l e m e n t s  1
and 2); YWTC-2 pick off mirror, filter, and pyramid
mirror (3, 4, and 5); and one relay channe]  of W] ‘PC-2
mnsistins of fo ld  mirror ,  two-mirror  rday, fidd
flattcmm, and CC] J debxtor (6, 7, 8, 9, anti 1 0). “1’he
pyramicl  (5) is wc~ak]y cc)ncavc. l{lcments 2-7 SWVe IO
form an image  of {he flawed 11S’1’ primary (1) onto the
rday semndary mirror (8 ) ,  whose  prc:script  i on in
\4~]~]J[;-2  Contailns a com pmsatjll~  correct  ion.




